Plasma Lp(a) levels correlate with atherosclerosis susceptibility. This lipoprotein consists of an LDL-like particle attached to a large glycoprotein called apo(a). Apo(a) is a complex glycoprotein containing multiple Kringle domains, found to be highly homologous to plasminogen Kringle IV, and a single Kringle domain homologous to plasminogen Kringle V. Lp(a) levels appear to be inversely correlated with apo(a) size in a given individual. In this study, we have used probes specific to the Kringles IV and V domains of apo(a) cDNA in quantitative Southern blotting analysis. By this method, we have determined the ratio of Kringle IV/Kringle V encoding domains in the apo(a) gene of 53 unrelated individuals with different plasma concentrations of Lp(a). This ratio was found to be inversely correlated with log Lp(a) levels (r = -0.90, P < 0.0001) and directly correlated with apo(a) apparent molecular weight (Mr) (r = 0.79, P < 0.0001). In summary, by showing that Lp(a) concentrations and apo(a) apparent size are highly correlated with the ratio of Kringle IV/Kringle V encoding domains in the apo(a) gene, we provide a DNA marker for this atherosclerosis risk factor as well as an important insight into the genetic mechanism regulating Lp(a) levels.
Introduction
Lp(a)' is an LDL-like particle with a large glycoprotein called apo(a) attached to its apo B moiety through a disulfide bond (1, 2) . Plasma Lp(a) concentration varies among people from 0.2 to 200 mg/dl. Levels above 20-30 mg/dl, present in 25% of the population, have been associated with an increased risk of atherosclerotic disease (3, 4) . The apo(a) protein apparent molecular weight (Mr) is estimated to be between 300 and 900 kD, and in a given individual there is an inverse relationship between apo(a) size and plasma Lp(a) concentration (5) . Apo(a) is highly homologous to plasminogen (6, 7) . Plasminogen structure consists of signal, tail, Kringles I through V and protease domains (8) . Apo(a) contains the signal domain, lacks the tail and Kringles I through III, but includes a variable (300-900 kD) and the size of each Kringle IV (Mr -12.7 kD), one can estimate that any given apo(a) may contain between 15 and 40 Kringle IV repeats.
The apo(a) and plasminogen genes are closely linked on the long arm of chromosome 6 (q 26-27) (10, 1 1). In a family study, a restriction fragment length polymorphism (RFLP)' of the plasminogen gene was shown to be tightly linked to the apo(a) size phenotype and the plasma Lp(a) concentration (12) . These results suggest that genetic variation at the apo(a) gene locus controls apo(a) size and Lp(a) levels. In this study, we show that the variable number of Kringle IV-like domains encoded by the apo(a) gene is the main factor determining the size of the apo(a) protein and the plasma Lp(a) concentration.
Methods
Subjects. Subjects consisted of individuals seen in the clinic of the Laboratory of Biochemical Genetics and Metabolism at The Rockefeller University. After being screened for plasma Lp(a) concentrations, 53 subjects (41 patients referred for diagnosis and treatment of lipoprotein disorders and 12 normal volunteers) with a wide range of Lp(a) concentrations were selected for participation in the study. Venous blood was drawn from the forearm and transferred to tubes containing sodium EDTA. Samples were immediately centrifuged at 2,000 g at 4°C for 15 min, and 0.5-ml aliquots of plasma were assayed for Lp(a) concentration and apo(a) size within 24 h or stored at -70'C for further analysis. Storage under these conditions did not affect either measurement.
Measurement ofLp(a) concentration and determination ofapo(a) phenotype. A polyclonal antibody to human Lp(a) was prepared in male New Zealand white rabbits. Lp(a) was isolated by sequential ultracentrifugation between densities 1.060 and 1.080 g/ml, followed by Sephacryl 400 HR gel chromatography (13) . After dialysis with 150 mM NaCl, animals were immunized with 100 jg of Lp(a) protein in Freund's complete adjuvant and 4 wk later were boosted with the same dose. After a subsequent 2-wk period, the animals were bled and partially delipidated rabbit antiserum was prepared. The immunoglobulin fraction was isolated using a protein-A column and fractionated by being passed over LDL, HDL, and albumin Sepharose columns (2) . Antibodies cross-reacting with plasminogen or LDL were further absorbed extensively with both purified plasminogen and LDL until no further precipitation was observed. The anti Lp(a) antibody was free of cross-reactivity with plasminogen and LDL as detected by Ouchterlony analysis, Western blotting, and double tier rocket immunoelectro- The sequence for the Kringle IV probe was chosen so that it would be the standards, which were applied on the same highly homologous (at least 94%) to 34 of the 37 Kringle IV-like idards was used throughout this study (Immuno repeats described by McLean et al. (6) . This probe was only 72% Controls with high LDL and low LP(a) were homologous with the plasminogen Kringle IV domain and < 42% ;pecificity. All Lp(a) measurements were perhomologous with other portions of the apo(a) and the plasminogen Id serial dilutions of every sample were made to genes. The probe for Kringle V was 80% homologous to plasminogen assay. The coefficient of variation of the meaKringle V. The sequences of both probes are shown on Fig. 2 . The pure antibody and series ofcontrols supplied by riboprobe for y actin was 230nt long and corresponded to the Hind re also used to verify our measurements.
III/Xba I fragment of y-actin cDNA clone PHF1 (18) . ze was determined by SDS-PAGE of whole DNA was isolated from a 3-ml buffy coat preparation derived from it Western blotting as described by Utermann 30 ml of venous blood. The buffy coat was incubated overnight at sma was mixed with 250 Ml of 5% SDS in H20. 5 550C in lysis buffer (20 Lp(a) was measured using a monospecific anti Lp(a) antibody by rocket immunoelectrophoresis (15) . Apo(a) M, was estimated according to the methods described by Utermann (10) and Goubatz (20) . KIV/KV and KIV/y actin ratios were derived from scanning of the Southern blot films. The same control specimens were used on each blot to correct for variation in exposure time of the films. ND, not done.
turer's instructions. The DNA was then resuspended in 700 41 of 10 mM Tris-HC1, pH 8; 0.1 mM EDTA. In preliminary studies, genomic DNA from two individuals with LP(a) levels of 2 and 80 mg/dl were digested with five restriction enzymes that do not cut the apo(a) cDNA.
After Southern blotting the digested DNA was hybridized with the Kringle IV probe (19) . The blot and the derived restriction map are shown on Fig. 3 and 4 . In further experiments, DNA aliquots (10 ,ug) from all study participants were digested with Xba I, electrophoresed through 0.8% agarose gels, and blotted onto nylon membranes. Blots were hybridized sequentially with each of the y32P-labeled probes, washed, and exposed to x-ray film. Results Table I shows the plasma Lp(a) concentration, apo(a) apparent molecular weight Mr, and the Kringle IV/'y-actin and Kringle IV/Kringle V ratios derived from the quantitative Southern blots for the 41 single band phenotype individuals studied. Table II shows the results obtained from 12 double band phenotype individuals. Fig. 1 illustrates the apo(a) size phenotypes observed. We have detected nine different apparent molecular weights for apo(a), which are similar to those described by Gaubatz et al. (20) . However, some of these are quite similar and, for simplicity and comparative purposes, we assigned the apparent molecular weights to six groups (B to S-4) as suggested by Utermann (5). Individuals with double allele phenotypes were given a molecular weight estimate derived by summing the two single allele phenotype apparent molecular weights and dividing by two. The apo(a) estimated molecular weight for each person studied is given in Tables I and II. Genomic DNA from two individuals with low and high plasma Lp(a) levels was used to obtain a restriction map ofthe region coding for the Kringle IV domain. Southern blotting analysis using the Kringle IV probe (Fig. 2) with five different restriction endonucleases is shown in Fig. 3 and the derived restriction map is shown in Fig. 4 . With each enzyme, a single major band was found with each of the DNAs used in this analysis. The intensity of the bands was much greater with DNA from the individual with low Lp(a) levels. Other, much weaker bands (up to two) were noticed with certain restriction endonucleases. Since none of the restriction sites were in the cDNA for apo(a), our observation implies a highly conserved and repeated restriction pattern in the introns adjacent to the regions coding for most of the Kringle IV-like domains of the apo(a) gene. Therefore, the variation in signal intensity with the Kringle IV probe is due to a different number of copies of the same size included in each chromosomal DNA. Each copy presumably contains two or fewer Kringle IV domains judging from the size of the bands in the restriction analysis. Fig. 5 shows the bands obtained after Southern blotting with probes to Kringle IV and Kringle V, which were used to determine the Kringle IV/Kringle V ratio of five patients with varying plasma levels of Lp(a). There is an obvious variation from person to person in the intensity of the signal from the Kringle IV probe, which is not seen with the Kringle V probe. In addition, the relative intensity of the Kringle IV signal correlates inversely with the plasma Lp(a) concentration and directly with apo(a) protein size. Table III summarizes the correlation analysis of Lp(a) concentration, estimated molecular weights, and Kringle IV/ Kringle V and Kringle IV/'y-actin ratios for all 53 persons Table III Linear and log linear correlation analysis was done on the clinfo computer system. Log(x) means that the first quantity in each of the comparisons was log transformed. Kringle IV/Kringle V and Kringle IV/'y-actin ratios were derived from scanning of Southern blot films after using specific radiolabeled probes. Apo(a) Mr was estimated as described in the text. (22) . This might provide a mechanism for the additional clearance of large size plasma apo(a) besides that which occurs via the intact Lp(a) particle.
Quantitative blotting analysis with specific probes has been used to determine genomic copy number in studies ofTrisomy 21 (23) . We believe that our report is the first application of this technique to determining the genetic basis of the concentration of a protein in plasma. The success of our technique is dependent on the choice of probes (< 72% homologous to plasminogen sequences) and the stringency of the washing conditions. We also selected a restriction enzyme Xba I that results in a very simple Southern In the current study, we found a striking inverse correlation of Lp(a) level or log Lp(a) level with the Kringle IV/Kringle V ratio (-0.61 and -0.90, respectively). This suggests that the apo(a) gene structure itself plays the major role in determining plasma Lp(a) concentrations and is compatible with previous family studies that used linkage analysis, which arrived at similar conclusions (9, 12) . However, the fact that the correlation coefficients observed were not one implies that factors other than the number of Kringle IV encoding domains are also important in determining plasma Lp(a) concentration.
In the current study, the degree of predictability of the plasma Lp(a) concentration by quantitative Southern blotting also reinforces the assessment from twin studies demonstrating the high heritability of Lp(a) levels (24) . Interestingly, both sets of findings are in agreement with other studies that have found little influence of environmental variables, such as diet and drugs, on plasma Lp(a) concentrations (25, 26) .
In summary, we provide evidence that apo(a) size and plasma Lp(a) levels are inversely correlated with the ratio of Kringle IV/Kringle V encoding domains in the apo(a) gene. Further studies are necessary to elucidate the exact mechanism responsible for this phenomenon. 
